David and Lucile Packard Foundation (DLPF), Grant/Award Number: 2013 -39400, 2015 performance of marine reserve networks, thus requiring adjusting their design to account for ocean warming. To date, empirical approaches to marine prioritization have not considered larval connectivity as affected by global warming. Here, we develop a framework for designing marine reserve networks that integrates graph theory and changes in larval connectivity due to potential reductions in planktonic larval duration (PLD) associated with ocean warming, given current socioeconomic constraints. Using the Gulf of California as case study, we assess the benefits and costs of adjusting networks to account for connectivity, with and without ocean warming. We compare reserve networks designed to achieve representation of species and ecosystems with networks designed to also maximize connectivity under current and future ocean-warming scenarios. Our results indicate that current larval connectivity could be reduced significantly under ocean warming because of shortened PLDs. Given the potential changes in connectivity, we show that our graphtheoretical approach based on centrality (eigenvector and distance-weighted fragmentation) of habitat patches can help design better-connected marine reserve networks for the future with equivalent costs. We found that maintaining dispersal connectivity incidentally through representation-only reserve design is unlikely, particularly in regions with strong asymmetric patterns of dispersal connectivity. Our results support previous studies suggesting that, given potential reductions in PLD due to ocean warming, future marine reserve networks would require more and/or larger reserves in closer proximity to maintain larval connectivity.
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| INTRODUCTION
Maintaining marine ecosystem services such as fisheries, recreation, and coastal protection is critical to safeguarding the livelihoods of coastal communities (Barbier et al., 2011) , particularly those highly dependent on marine resources (Sadovy, 2005) . Marine reserves are widely used management tools to reduce fishing pressure and prevent habitat destruction (Allison, Lubchenco, & Carr, 1998; Boonzaier & Pauly, 2016) , with ecological and socioeconomic benefits (Gerber et al., 2003; Gurney et al., 2014; Lester et al., 2009 ). Marine reserves can increase the resilience of marine ecosystems against impacts of climate change (Duffy, Lefcheck, Stuart-Smith, Navarrete, & Edgar, 2016; Gurney, Melbourne-Thomas, Geronimo, Aliño, & Johnson, 2013; Micheli et al., 2012) , particularly with respect to enhancing recovery processes after disturbance (Mellin, Macneil, Cheal, Emslie, & Caley, 2016) . Recovery through resettlement depends largely on maintaining the supply of larvae, underpinning the need for well-connected networks of marine reserves (Beger et al., 2015) . Consequently, linking marine reserves within networks is pivotal to the long-term persistence of marine populations (Almany et al., 2009; Magris, Pressey, Weeks, & Ban, 2014) , while also providing benefits to fisheries and conservation (Harrison et al., 2012; Olds et al., 2016) . However, dispersal connectivity can be affected by climate change through reduced larval dispersal distances resulting from shortened planktonic larval duration (PLD), habitat loss, and reduction in reproductive output (Lett, Ayata, Huret, & Irisson, 2010; Munday et al., 2009; O'Connor et al., 2007) , thus compromising the performance of marine reserve networks (Andrello, Mouillot, Somot, Thuiller, & Manel, 2015; Kleypas et al., 2016) .
Systematic conservation planning (SCP) is widely used to design marine reserves with conservation and socioeconomic objectives Leslie, 2005) . Methods in marine SCP that incorporate spatially explicit information on ecological connectivity (i.e., demographic links among populations via the dispersal of individuals as adults, juveniles, and larvae) are advancing rapidly (Magris et al., 2014) . Progress has been facilitated by development of new prioritization methods (Beger et al., 2010; Engelhard et al., 2017; Krueck et al., 2017) , improved oceanographic and connectivity modeling (Kool, Moilanen, & Treml, 2013; Paris, Cherubin, & Cowen, 2007; Treml, Halpin, Urban, & Pratson, 2008) , and better knowledge of ecological processes mediated by larval dispersal and adult movements (Cowen & Sponaugle, 2009; Gaines, Gaylord, Gerber, Hastings, & Kinlan, 2007; Green et al., 2015) . From the earliest and relatively simple marine SCP applications (e.g., Sala et al., 2002) to the latest and more complex approaches (e.g., Bode et al., 2016) , several methods have been developed to design networks of marine reserves that consider connectivity, with varying levels of sophistication and data requirements (Magris et al., 2014) .
A common approach to planning for marine connectivity involves graph theory (Dale & Fortin, 2010) to represent and understand the structure of ecological networks, defined by links (i.e., ties or edges) between nodes (e.g., habitat patches) mediated through the exchange of organisms between nodes (e.g., larvae transported in ocean currents) (Kool et al., 2013; Treml et al., 2008) . Under this approach, the centrality (Borgatti, 2005) of habitat patches (i.e., their relative importance based on their position within a network) can identify those contributing most to maintaining the overall connectivity of marine reserves (Beger et al., 2010; Kininmonth et al., 2011; Kool et al., 2013) . Graph-theoretical approaches vary in their conceptualization of centrality and level of sophistication, with most applications developing customized optimization algorithms given the limitations of existing planning software (e.g., Jonsson, Nilsson Jacobi, & Moksnes, 2016; Watson et al., 2011) . Other graph-theoretical applications have used readily available and widely used conservation planning tools, such as Marxan (Ball, Possingham, & Watts, 2009) , to target self-persistent and highly central habitat patches. These studies have used habitat quality to adjust the potential contributions of habitat patches to connectivity (e.g., Magris, Treml, Pressey, & Weeks, 2016 ) and metapopulation models to assess the performance of marine reserve networks (e.g., White, Schroeger, Drake, & Edwards, 2014) . A common finding of these applications is that including spatially explicitly information on connectivity can improve the design and performance of networks of marine reserves.
Despite recent advances in planning for marine connectivity, important research gaps remain. One major challenge is to understand how potential changes in connectivity patterns associated with climate change can affect existing marine reserves and how this information can be used to modify the configuration of marine reserve networks (Gerber, Mancha-Cisneros, O'Connor, & Selig, 2014) . Disregarding the effects of warming oceans on connectivity can significantly reduce the future performance of marine reserve networks because shorter larval dispersal distances mean that larval exchange and recruitment among reserves cease or are severely reduced (Andrello et al., 2015) .
Most marine SCP studies including climate change have focused on identifying areas that can act as thermal refugia or provide opportunities for adaptation under climate change (Levy & Ban, 2013; Magris, Heron, & Pressey, 2015) , but do not consider connectivity.
To our knowledge, only three studies combine spatially explicit connectivity and ecosystem responses to thermal stress to design marine reserve networks (i.e., Beger et al., 2015; Magris, Pressey, Mills, Vila-Nova, & Floeter, 2017; Mumby et al., 2011) . However, none of these three studies adjust reserve location to account for potential changes in connectivity patterns due to climate change.
Based on current patterns of coral larval connectivity, Mumby et al. (2011) optimize reserve configuration to ensure that the flow of larvae between desired thermal regimes is maximized based on possible responses of corals in terms of adaptation or acclimation to thermal stress. Similarly, Magris et al. (2017) consider thermal-stress regimes to ensure reserve networks include coral reefs that are resilient to climate change through the inclusion of future thermal refugia and thermally disturbed reefs, while simultaneously targeting highly central reef patches (e.g., sources, stepping stones); however, connectivity-and climate change-related objectives are set independently and, as the previous study, connectivity matrices do not reflect changes in larval dispersal. Finally, Beger et al. (2015) identify sites that maximize larval dispersal connectivity for two species (fish and sea cucumber) based on current connectivity and simultaneously target coral reefs based on their predicted distribution following dynamic growth trajectories of coral cover associated with future thermal stress.
A further limitation of existing planning studies that include connectivity is the paucity of empirical data regarding regional-scale dispersal patterns (e.g., Almany et al., 2017; Williamson et al., 2016) , which is required to validate the results of modeled larval connectivity patterns (Liggins, Treml, & Riginos, 2013; White et al., 2010) .
Although readily available oceanographic tools can be parameterized for most regions to calculate connectivity matrices for multiple species (Cowen, Paris, & Srinivasan, 2006; Kool et al., 2013; Treml et al., 2008) , such modeling results are not typically corroborated before being used to inform marine reserve design.
Finally, a major oversight in this body of literature is the omission of socioeconomic considerations (but see: Beger et al., 2015) , which reflects a limitation of marine planning studies more generally Leslie, 2005) . Simplifying planning studies by excluding conservation costs, or using unrealistic proxies, greatly limits the potential application and validity of findings (Gurney et al., 2015; Klein et al., 2008) , and can result in social conflict or poor compliance with proposed marine reserves.
Our study proposes a novel approach to designing networks of marine reserves (i.e., no-fishing areas) that considers network design adjustments that account for changes in connectivity associated with shortened PLDs due to ocean warming, using validated patterns of larval dispersal and socioeconomic constraints. We use the Gulf of California as case study and address four questions: (i) Given predicted ocean warming, can we expect a significant reduction in larval dispersal connectivity? (ii) Can we maintain connectivity over networks designed only for representation of species and ecosystems under current and ocean-warming scenarios, without significant increases in costs? (iii) Given the potential reductions in larval dispersal due to ocean warming, what are the implications of network designs that account (or not) for reduced future connectivity? (iv) In the absence of information about larval dispersal connectivity (including under future ocean warming), can we achieve well-connected marine reserve networks incidentally through representation? Our paper thus provides the first SCP study to account for alterations in connectivity due to the potential shortening of PLDs associated with future ocean warming, using validated patterns of larval dispersal and socioeconomic constraints. ALVAREZ-ROMERO ET AL.
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| MATERIALS AND METHODS
We first designed marine reserve networks based on both conventional (designed to represent only species and ecosystems) and graph-theoretical (designed to maximize connectivity under current and ocean-warming scenarios) approaches. We then compared the performance of networks in terms of overall ecological adequacy based on individual reserve size and home range of adults of focal species, whole-of-network larval connectivity, and opportunity costs of implementing the marine reserve networks (Figure S1 summarizes our planning steps).
| Study area
Our study area is the Midriff Islands Region (hereafter 'RGI', acronym from Spanish 'Regi on de las Grandes Islas') in the northern Gulf of California, Mexico (Figure 1 Oropeza, 2013), where marine ecosystems are threatened by overfishing, habitat destruction, and climate change (Lluch-Cota et al., 2007) . This region is also important for industrial, artisanal, and recreational fisheries (Erisman et al., 2010; Moreno-B aez et al., 2012) . Marine protected areas are mainly restricted to the western coast of the Gulf of California and have very small no-fishing zones (Rife, Erisman, Sanchez, & Aburto-Oropeza, 2013) , so overfishing remains a threat (Cinti, Duberstein, Torreblanca, & Moreno-B aez, 2014; Lluch-Cota et al., 2007) . Ocean warming poses a further threat to biodiversity and fisheries production in this region due to potential suppression of upwelling and reduction in primary produc- We focused primarily on rocky-reef ecosystems and associated species and habitats, which have outstanding biological and socioeconomic importance in the region. Rocky reefs sustain most of the biodiversity of macro-organisms in the Gulf of California compared to other ecosystems (Brusca, 2007 
| Targeted conservation features
The first step in the spatial prioritization process was determining where our target species occur, requiring spatially consistent information about their distributions across the planning domain (Margules & Pressey, 2000) . We used MaxEnt (Elith et al., 2011) to generate species distribution models from species occurrence records of 98 fish and 87 invertebrates associated with rocky reefs (Data S1 , Tables S1-S3). We did not model species distributions under future ocean warming because these models require information not currently available (e.g., downscaled predictions of multiple environmental variables for future conditions) and reliability would be difficult to assess for most targeted species.
In addition to rocky reefs, we also targeted ecosystems that provide feeding, reproductive, and/or spawning habitat for reef-associated species during different life stages, and for which we had spatial data. We collated and refined existing distribution maps for six ecosystems: rocky reefs, mangroves, Sargassum beds, seagrass meadows, rhodolith beds, and coastal wetlands ( Figure S3 ). Maps were derived using spatial data available from existing planning exercises, previous studies, underwater censuses, satellite imagery, and localities provided by fishers (Table S4 ).
Finally, we targeted spawning aggregations (i.e., areas where individuals of marine species aggregate during the spawning season) because they are key to replenishing depleted populations (Sadovy, 2005; Sala, Aburto-Oropeza, Paredes, & Thompson, 2003) . We collated available information regarding the location of spawning aggregations for six invertebrates and four fish species (Table S2 ).
| Socioeconomic considerations
We accounted for the socioeconomic impacts of marine reserves based on the potential economic loss associated with the exclusion of fishing. We used opportunity cost as a measure of loss, which is considered a best-practice approach when designing marine reserves (Ban & Klein, 2009; Ban et al., 2013) . Opportunity costs were estimated based on the biomass of targeted species, the potential catch of each species by different fisheries (26 fleets operate in the region), and the market value of fished species (Adams, Mills, Jupiter, & Pressey, 2011) (Equation 1). While climatic changes could also result in changes in socioeconomic variables considered in our study (e.g., fish catches: Kaplan, Gray, & Levin, 2013) , exploring the simultaneous changes in fisheries catch, ecosystem function, and connectivity would require an integrated dynamic model to examine feedbacks between fish abundance, larval exchange, and fishing patterns, which was beyond our scope.
To calculate total opportunity cost per fleet, we used an end-toend ecosystem model, based on the Atlantis framework for the northern Gulf of California (hereafter 'NGC Atlantis') . Atlantis is a spatially explicit ecosystem model framework that simulates realistic ecosystem dynamics, including oceanography, biogeochemistry, food web interactions, and human activities, including fisheries . The NGC Atlantis model ALVAREZ-ROMERO ET AL.
represents ecosystem structure and function. We used the model to simulate realistic system behavior, with predicted variables fitting observed data (Morzaria-Luna, . Fisheries in the model were represented by fleets, including small-scale, sport fishing, and industrial fisheries, whose simulated spatial use-patterns and catches reflected our best understanding of recent fishing activity in the region ( 
| Prioritizing the location of marine reserves
We generated alternative systems of marine reserves with the decision-support tool Marxan (Ball et al., 2009 ) to achieve a set of conservation objectives while minimizing costs. In this case, we minimized opportunity costs to fishers affected by the exclusion of fishing within marine reserves. Our 1-km 2 hexagonal planning units (n = 11,097) covered coastal and marine areas. The size of the planning units matched the resolution of key input datasets (e.g., ecosystem maps, species distribution models). We used Marxan's functionality (i.e. adjusting the Boundary Length Modifier) to aggregate planning units to create larger marine reserves that are adequate to encompass the home range and territory of adults of targeted species . Given the applied nature of our study, clumping contributed to reducing the total number of reserves while maximizing individual reserve size and minimizing the overall boundary of marine reserve networks (Data S1), which can improve their ecological adequacy and facilitate social compliance and enforcement (Arias, Pressey, Jones, Alvarez-Romero, & Cinner, 2016; Fernandes et al., 2005) .
| Setting conservation goals and objectives
We defined four broad goals guided by previous planning exercises (Conabio, 2007; Ulloa, Torre, Bourill on, Gondor, & Alcantar, 2006) and informed by consultation with relevant national government agencies and managers of marine protected areas (Table 1) Socioeconomic: minimize costs to fishers affected by excluding fishing from marine reserves.
We calculated the target amount of each ecosystem and spawning aggregation to be represented in marine reserves based on information about rarity and exposure to threats (Pressey, Cowling, & Rouget, 2003) . We set higher objectives (a.k.a. targets in some of the conservation science literature) for ecosystems that are relatively rare (i.e., occupy smaller areas within the region) and are subject to higher pressure from local stressors (e.g., coastal development, pollution, shipping), which we assessed based on models developed by Halpern et al. (2008) and Kolb (2008) . Our vulnerability assessment did not consider variable responses of species to threats, which was not possible given existing information, hence we calculated average 'exposure' to threats (Wilson et al., 2005) . For species, representation objectives also integrated rarity as well as indices for the heterogeneity of species distributions and exposure to threats (Data S1). These indices allowed us to increase representation for species with smaller and patchier distributions, as well as for those more vulnerable to extinction and overfishing because they occupy higher trophic levels, use fewer ecosystems, have smaller depth ranges, and have narrower latitudinal distribution ranges.
| Maximizing larval dispersal connectivity in marine reserve networks
We selected three focal species across three major taxa to plan for (Table S5) ; thus, they represent a range of life histories and potentially distinct connectivity requirements. The habitats of the three focal species (Table S6 ) represent the range of ecosystems occupied by reef-associated and coastal species targeted in our prioritization analysis. We did not target species spawning during the anti-cyclonic phase because we did not have validated information to model their dispersal, but discuss this limitation below. Adult movements were considered through reserve size based on home range movements;
however, our analysis of spatially explicit connectivity focused on larval dispersal.
We followed a graph-theoretical approach to account for larval connectivity patterns in the design of marine reserve networks. This required mapping potential spawning and recruitment habitats of focal species and characterizing planning units by their potential contribution to the overall connectivity of networks (e.g., Magris et al., 2016; White et al., 2014) during spring-summer. We used the ecosystems inhabited by each focal species (Table S6) We set representation objectives for spawning and recruitment habitats to preferentially include units that are important 'hubs' (i.e., units strongly connected both upstream and downstream and potentially important for metapopulation robustness) or 'stepping stones' (i.e., units that, if lost, would strongly reduce the connectivity of the reserve network). We characterized hub and stepping-stone units based on selected centrality metrics (described below), and weighted the contribution of each unit to maintaining whole-of-network larval connectivity by its amount of spawning and recruitment habitat (Watson et al., 2011; White et al., 2014) . We lacked the necessary information to compare the resulting networks with reliable metapopulation models and test population viability of focal species.
Our study thus aimed to maximize connectivity given socioeconomic constraints. We assumed that creating better connected (e.g., denser)
networks of marine reserves can help support populations that can recover faster from disturbance and maintain fish biomass.
Our approach to planning for connectivity comprised five steps:
(1) estimate ecological connectivity at coarse spatial scale using a larval dispersal model; (2) downscale connectivity from coarse connectivity units to planning-unit scale; (3) calculate centrality of planning units based on downscaled connectivity matrices and available habitat per planning unit; (4) map connectivity features that represent the potential contribution of habitat patches to act as hubs or stepping stones; and (5) set representation objectives for connectivity features under socioeconomic constraints.
In step 1, we parameterized a dynamic larval dispersal model with corresponding spawning times and PLDs to calculate connectivity matrices describing the probability of larvae being transported between broad connectivity units ( Figure S6 ) and the direction of larval flow for the three focal species. We used the velocity field from the three-dimensional baroclinic Hamburg Shelf Ocean Model (HAMSOM) for the Gulf of California (Backhaus, 1985) to calculate the particle trajectories of passive larvae released from points representing potential spawning habitat in the northern Gulf (Marinone, 2003 (Marinone, , 2008 . We predicted larval dispersal from the converged oceanographic model that adequately reflected the main seasonal signals of surface temperature, heat balance, tidal elevation, currents, and surface circulation (Lavin, Durazo, Palacios, Argote, & Carrillo, 1997; Marinone, 2003) . The model represents an average year based on a climatology spanning historic databases. Given the lack of reliable downscaled projections of physical variables that force the model, our dispersal model did not explicitly include potential changes in currents due to ocean warming (e.g., Andrello et al., 2015) , which is an area of active research. Further details of the oceanographic modeling can be found in previous studies (Mungu ıa- Soria et al., 2012) and are summarized in the Data S1.
T A B L E 1 Summary of prioritization scenarios. Our three scenarios aimed to minimize potential socioeconomic impacts to fishers based on the same opportunity costs data We estimated the potential changes in larval connectivity due to ocean warming following a functional connectivity framework (Gerber et al., 2014) , which relates empirically demonstrated rela- 
In step 2, we downscaled the larval connectivity matrix estimated for connectivity units to the planning-unit scale based on three factors (Equations 4-5): probability that two planning units are connected at coarse spatial scale; probability that focal species occur;
and amount of potential spawning and/or recruitment habitat for each species. Effectively, the likelihood and magnitude of the connection between any given pair of planning units depends on largescale connectivity patterns and their potential to produce and/or receive larvae. 
C i = relative contribution of planning unit i to provide spawning or recruitment habitat p i = probability that the focal species occurs in planning unit i h i = proportion of planning unit i with spawning and/or recruitment habitat
In step 3, we used UCINET software (Borgatti, Everett, & Freeman, 2002) to calculate the centrality of planning units with downscaled connectivity matrices to assess their potential role as hubs or stepping stones. We selected two centrality measures that take into account the direction and strength of the connections, and provide information about the importance of planning units (nodes) as hubs or stepping stones (Data S1). We measured the potential of planning units acting as hubs using eigenvector centrality (Bonacich, 1972) , which reflects the importance of a node within the overall structure of the network (nodes are more central if they are connected to many other highly connected nodes), which has proven useful to identify subpopulations that are critical to metapopulation robustness (Watson et al., 2011) . Our measure of the value of planning units as stepping stones was distance-weighted fragmentation , which calculates the effect of removing a node on the overall connectivity of the network (Table S7 ). Given our aim was to maximize whole-of-network connectivity, and that only very (Table S8 ) and associated to small eddies that form near the northern pointy ends of large islands or coastlines.
The overall centrality of each planning unit was then calculated as the normalized sum of the two centrality measures (Equation 6), which represents its importance as hub and/or stepping stone. This assumed equal importance of the two measures in determining overall larval connectivity. In our case, we had no evidence to set independent and differing objectives because it is unclear which property is more important to achieve population persistence.
k i = normalized centrality of planning unit i E i = eigenvector centrality of planning unit i dwF i = distance weighted fragmentation centrality of planning unit i
In step 4, we mapped connectivity features adjusted by the amount of spawning and/or recruitment habitat and the normalized centrality to depict planning units' connectivity potential for the three focal species under current and future ocean-warming scenarios. Because empirical data on size-specific fecundity, larval production, larval survival, and settlement patterns were not available for
our system, we approximated the number of larvae produced with the amount of spawning and/or recruitment habitat present in each planning unit to scale centrality values according to the reasonable assumption that units with larger amounts of habitat will produce more larvae (Watson et al., 2011; White et al., 2014) . We then multiplied the normalized centrality of each planning unit (k i ) by the amount of spawning and/or recruitment habitat within each unit (Equation 7).
A i = contribution of planning unit i to connectivity k i = normalized centrality of planning unit i a i = amount of spawning and/or recruitment habitat within plan-
To compare the performance of reserve networks generated considering connectivity with those that considered only representation of species and ecosystems, we mapped and targeted (see step 5) a dummy connectivity feature with uniform connectivity (k i = 1) that represented only the amount of spawning and/or recruitment habitat. We constrained our maps of connectivity features to units with recorded connections ( Figure S6 ).
In step 5, we followed the method proposed by Magris et al.
(2016) to calculate representation objectives for connectivity features. We identified subsets of planning units with the highest contributions to connectivity, and used their summed values across all planning units to set representation objectives expressed as percentages of totals. Following discussions with local managers, we decided that a 5% reduction in opportunity cost across all fleets would be an acceptable loss. We found that setting objectives for representing connectivity features based on the top 67 th percentile roughly corresponded to a 5% loss in opportunity cost. This analysis resulted in varying sets of connectivity objectives across species and scenarios (Table S9) .
| Performance of resulting marine reserve networks
We assessed the performance of marine reserve networks in terms of ecological adequacy (based on reserve size and home range of adults of focal species) and whole-of-network larval connectivity.
First, we explored the dimensions of individual marine reserves because recent studies indicate that their potential to protect a range of species depends on the length of marine reserves, which should encompass at least twice the adult home range of a particular species . The minimum reserve sizes were calculated using a multiple linear regression model including total length and trophic level as explanatory variables (Mungu ıa-Vega et al., in review). We focused this analysis on fish because the adults of targeted invertebrates generally display low mobility.
Second, we assessed and compared whole-of-network connectivity of reserve networks generated considering centrality of planning units (S2 and S3, i.e., variable k) against networks generated assuming uniform connectivity (S1, i.e., k = 1). We used UCINET software to (a) calculate selected network cohesion measures (e.g., density, degree, compactness) and (b) test for statistical significance of differences in density (main proxy for whole-ofnetwork connectivity) between the three solutions (under both assumptions related to the effects of ocean warming; Figure 2 ) by creating a bootstrapped distribution. We sampled the network with replacement from the nodes (assuming nodes are interchangeable) and estimated average density, z-score, and p-value (Snijders & Borgatti, 1999) . Furthermore, we calculated the 'maximum flow' (Ford & Fulkerson, 1956) , which in our case is a proxy for the potential flow of larvae between marine reserves given different network configurations (i.e. S1, S2 or S3); see Table 2 . Mycteroperca rosacea, the amount of recruitment habitat within each F I G U R E 2 Performance assessment of alternative marine reserve networks under two assumptions regarding changes in PLDs. We assessed the performance of the three marine reserve networks solutions (S1, S2 and S3; Table 1 ) under the assumption that: (a) the effect of ocean warming on PLDs is negligible (larval connectivity patterns and PLDs remain the same); or (b) ocean warming will significantly reduce PLDs (major changes in larval connectivity patterns occur) reserve for the species, and the total area present in each reserve network as the denominator.
Reduced dispersal connectivity due to ocean warming is likely to be significant, but the predicted magnitude of future increases in temperature (and resulting shortening of PLD) is highly uncertain (IPCC, 2014) . Therefore, we explored the consequences of designing networks that account for reduced future connectivity or that disregard these changes under two alternative assumptions: (a) changes in dispersal connectivity due to ocean warming are negligible (i.e., PLDs remain unaffected) or (b) changes are significant and reduction in PLDs occur as expected. To achieve this, we compared the density of networks for each solution under the assumptions that PLDs remained the same or were shortened (Figure 2 ). Effectively, we compared six scenarios that explore the extremes of what could happen (nothing or major changes) and thus expect the potential variation in functional connectivity would likely be contained within these extremes.
3 | RESULTS
| Changes in larval connectivity due to ocean warming
Our analysis of connectivity based on the larval dispersal model indicated that ecological connectivity patterns differed notably between the current and future warmer ocean scenarios (Figure 3 ). Across the three focal species, the ecological networks become less connected because some areas previously connected by larval dispersal were predicted to be unreachable due to estimated reduction in PLD under warmer ocean conditions. Reduction in density was significant only for the Leopard grouper (Mycteroperca rosacea), almost 30% less dense (p-value = .0038) ( Table S10 ). The low densities of networks for both the Rock scallop (Spondylus limbatus) and the Blue crab (Callinectes bellicosus) under current conditions (Figure 3c ) meant that reduced density under ocean warming was too low to be detected statistically.
Moreover, symmetric (bidirectional) connectivity currently occurring among some sites (e.g., between the Midriff Islands and the Baja California Peninsula, Figure 3) , was predicted to change to more asymmetric (unidirectional) connectivity under ocean warming (i.e., from nodes in Baja California toward the Midriff Islands only). Consequently, under ocean warming, some links between closer habitat patches were predicted to become stronger and the relative importance (centrality) to maintain overall connectivity changed notably (Figure 3 ). For instance, the future network for the Leopard grouper (M. rosacea) under the ocean-warming scenario had fewer links across the region from west to east in the northern area of the RGI and relatively stronger directed links among certain areas (e.g., among habitat patches on the west coast). While some areas maintained the same overall flow of larvae within the system (e.g., nodes
2, 4, 6, 7, 9, 15), other areas located upstream of the anti-clockwise flow became less central (e.g., 1, 3, 14), while those in the southern portion of the RGI increased their centrality (e.g., 5, 10-13, 17).
The ecological networks for C. bellicosus and S. limbatus were notably less dense than the network for M. rosacea in both climatic scenarios (Figure 3c -d, Table S10 ) because they inhabit either fewer ecosystems (Table S6 ) and/or ecosystems are present in lower frequency in the RGI ( Figure S3 ). We observed that most sites that were connected by larval dispersal for C. bellicosus and S. limbatus on the western coast of the RGI under current temperatures became T A B L E 2 Differences in dispersal connectivity for the Leopard grouper (Mycteroperca rosacea) between the three marine reserve network solutions. The table presents selected network cohesion measures indicative of whole-of-network connectivity, calculated using the connectivity matrices based on PLDs for current conditions (subindex 'a') or shortened PLDs under ocean-warming (subindex 'b') ( Figure 2 completely isolated under ocean warming, while connections on the eastern coast of the RGI became weaker. The species with the shortest PLD (S. limbatus) overall seemed to show more loss of connectivity under ocean warming than the species with longer PLD (C. bellicosus), given the increase in isolation even when its habitat patches were located comparatively closer to each other. Effectively, larval dispersal networks for these two species were a subset of the network of the grouper (M. rosacea), in part because they were all subject to the same cyclonic phase of the oceanographic gyre. For the above reasons, in the following sections, we present the results only for M. rosacea.
| Cost-effectiveness of marine reserve networks designed using connectivity information
Our prioritization analysis showed that targeting connectivity following a graph-theoretical approach based on current centrality of habitat patches (S2) can help design more connected networks than solutions assuming uniform connectivity (S1) for equivalent costs (in our case set at 5% of the total opportunity cost). The benefits of the S2 approach are evident in the slower increase in the opportunity cost of marine reserve networks considering connectivity with increasing representation objectives for spawning and/or recruitment habitat (Figure 4 ).
In the RGI, opportunity costs were highly biased toward the north-western and eastern regions ( Figure S4 ), which is in part medi- , 2015) . By including connectivity in our prioritization analyses, we were able to prioritize upstream sources on the western and southern sections of the RGI (Figure 5b-c) . In turn, this resulted in more cost-efficient networks that reduced the amount of protection at downstream sites with small contributions to the connectivity of the overall network but higher opportunity costs.
| Performance of marine reserve networks under current and future ocean warming
Marine reserves designed under the three scenarios (S1 to S3) have comparable dimensions with those in the region, but are generally larger (Tables S11-S12 ). The average length of marine reserves was Node size is scaled according to eigenvector centrality to visually represent the relative importance of different areas to act as 'hubs' to maintain the overall connectivity in the region (i.e., larger nodes are more important). Line thickness represents the strength of connections between areas (i.e., probability of larvae moving from one area to another), while color indicates the main direction of larval movement; green lines indicate bidirectional flow 2.7 km for S1, 4.0 km for S2, and 3.6 km for S3, which based on the regression model derived from Green et al. (2015) could protect most of the 99 targeted fishes (S1: 74%, S2: 81%, and S3: 79%), except for species >100 cm with larger home ranges (Table S14 ).
While we did not have enough information to estimate reserve size requirements for invertebrates, we consider that marine reserves under all scenarios will likely protect most species of invertebrates, which generally display low mobility, including Callinectes bellicosus and Spondylus limbatus.
The networks of the three alternative solutions showed notable differences in terms of connectivity under both current and future ocean-warming scenarios for M. rosacea ( Figure 6 ). Overall, reserves designed following a graph-theoretic approach (S2 and S3) had more connections with and were closer to other reserves in the network (Table 2 ). Marine reserves under our ocean-warming scenario were 22% closer to each other (but up to 42% in some cases) and the number of reserves increased from 59 to 74 (25%) when compared to the connectivity-only scenario (Tables S11-S13). Our results indicate that S2 and S3 networks outperformed the network designed following the representation-only approach (S1) in terms of their potential to maintain larval dispersal connectivity for the same cost.
From a whole-of-network perspective, S2 and S3 networks were not only better connected, but also more compact, and less centralized (Table 2 ). In both of these solutions, network connectedness relied less on only few reserves (Figure 6 ), thereby increasing the resilience of networks to impacts on or loss of individual reserves. Given these structural characteristics, S2 and S3 networks were denser than S1, particularly when connectivity was calculated using normal (p-value ≤ .066), compared to shortened (pvalue ≤ .099) PLDs (Table S15) . Also worth noting, are the differences in network structure resulting from estimated PLD reductions due to ocean warming, particularly: reduction in density; decrease in reciprocal ties; loss of alternative dispersal routes among reserves;
and presence of clusters of reserves connected by a relatively small number of reserves acting as stepping stones (Figure 6 ).
We found that designing networks considering connectivity (S2 and S3) consistently outperformed networks in terms of higher densities ( Figure 7a , Table 2 and Table S14 ) and larval flow between reserves (Figure 7b) , regardless of whether effect of ocean warming on PLDs is significant (i.e., major changes in larval connectivity patterns occur) or not. Differences between solutions S2 and S3 were small (and not significant) irrespective of the climate scenario used to assess the networks (Figure 2 ). Moreover, in agreement with predicted reduced connectivity due to ocean warming (Figure 3 ), all three solutions (networks) under future climatic conditions were less dense ( Figure 6 ), effectively representing a subset of expected connections under present climatic conditions. While planning for reduced connectivity under ocean warming (S3) had similar connectivity as the network designed using normal PLDs (S2), it outperformed the network designed without connectivity information (S1).
The ecologically relevant connectivity index (IIC) confirmed that networks considering connectivity (S2 and S3) had considerably more links and were more connected than the network based only on representation objectives (S1), under both current and oceanwarming scenarios (Table S16) . These results were robust regardless of differences between networks in terms of number of reserves and total area, which were used to calculate the index. The networks considering connectivity had more total area (45%-46% more) and recruitment habitat (19%-20% more). The index also indicated that S3 was slightly more connected than S2 under both assumptions, but particularly (as expected) under the ocean-warming scenario.
This analysis indicates that designing networks under the assumption of shortened PLDs perform better in terms of maintaining connectivity irrespective of the magnitude of PLD changes. Yet, given potential changes in larval connectivity, it might not be possible to maintain the current levels of larval flow among individual reserves in the future.
| DISCUSSION
With imminent and ongoing changes to our oceans, our study pioneers the globally important challenge of maintaining the connectedness and thus improving the potential performance of marine reserve networks, despite changes in larval physiology and resulting connectivity associated with ocean warming. We propose a novel
Comparison of whole-of-network connectedness of solutions generated under alternative connectivity scenarios. The lines represent fitted power functions (R 2 ≥ .934) based on two sets of points (i.e., marine reserve network solutions): (S1) solutions generated assuming uniform connectivity, i.e. k = 1 (black line) and (S2) solutions generated targeting connectivity features based on eigenvector centrality and distance-weighted fragmentation (gray dashed line). Tradeoff curves were generated by gradually increasing the representation objectives for connectivity features (including the dummy connectivity feature for S1, where k = 1), plotted against the total opportunity cost in Mexican Pesos (MXN) for each network under each set of objectives e682 | ALVAREZ-ROMERO ET AL.
framework for designing marine reserve networks that integrates graph theory and changes in larval connectivity due to potential reductions in PLD associated with ocean warming, given socioeconomic constraints. Previous studies have combined spatially explicit connectivity and ecosystem responses to thermal stress to design marine reserve networks (i.e., Beger et al., 2015; Magris et al., 2017; Mumby et al., 2011) , but ours is the first to show the benefits (in terms of maintaining larval connectivity) of adjusting the design of marine reserve networks to account for the potential reductions in connectivity associated with ocean warming due to PLD shortening and to assess the costs of these adjustments.
We show that ecological connectivity patterns can change significantly with estimated ocean warming, resulting in less connected larval dispersal networks. These findings emphasize the need to consider the potential impact of climate change on species with variable dispersal patterns (Andrello et al., 2015; Beger et al., 2015) and indicate that important changes in marine reserve network design may be needed to maintain connectivity under future climatic conditions (Gerber et al., 2014; Kleypas et al., 2016) . However, if distances among habitat patches are shorter, ocean warming could increase connectivity at smaller spatial scales because more larvae would be exchanged between nearby sites (Munday et al., 2009 ). In general, we found reduced connectivity between sites and shifts in centrality to sites located downstream in the direction of the flow due to future ocean warming; these patterns are probably exacerbated in the strongly asymmetric current system from the RGI, where PLD is positively related to distance travelled by larvae Soria et al., 2014) . Under these conditions, species that show a patchy distribution with large distances between habitat patches could be heavily affected. Yet, mobility of some species during the adult phase (TinHan et al., 2014) could buffer some of the effects of a reduction in connectivity during the larval phase due to ocean warming, compared to species with sedentary adults (e.g., corals, bivalves).
The effects of ocean warming on connectivity will likely vary significantly among species with diverse physiologies and life-histories 
F I G U R E 5 Alternative marine reserve networks for the current and future ocean-warming scenarios. Marxan's lowest cost configuration for each of the three final solutions (Table 1) Tables  S11-12 . Marine reserves under the ocean-warming scenario (S3) are 22% closer to each other on average (but up to 42%) when compared to the connectivity-only scenario (S2); see Table S13 . Each solution represents one potential spatial configuration of a network of marine reserves that can achieve the corresponding set of objectives (i.e., best configuration out of 100 Marxan runs) with comparable socioeconomic impacts on fisheries (~5% opportunity cost). Numbers indicate individual marine reserves and correspond with numbered nodes in Figure 6 [Colour figure can be viewed at wileyonlinelibrary.com] ALVAREZ-ROMERO ET AL.
| e683 (O'Connor et al., 2007) , which calls for further studies to explore the potential effects of including additional focal species. In our case, we expect variations will not be as severe for marine reserves located in more open ocean with symmetrical current systems, where larval connectivity is not as sensitive to PLD (Selkoe et al., 2016) . Our focal species represented a range of taxa with varying life histories and potentially distinct connectivity requirements, but did not include species spawning in winter (anti-cyclonic phase of the gyre).
While various species of commercial importance are summer spawners (cyclonic phase of the gyre) (Soria et al., 2014) , many others are winter spawners and were not explicitly targeted in our analysis.
Future research will help to assess whether including connectivity data on winter spawners could require changes in the configuration of marine reserve networks in the region.
F I G U R E 6 Estimated larval connectivity patterns for the Leopard grouper (Mycteroperca rosacea) based on alternative marine reserve networks for the current and future ocean-warming scenarios. Network correspond to our three solutions: S1 (representation only), S2 (representation plus connectivity), and S3 (S2 under ocean warming), under current conditions, based on connectivity matrix using normal PLD: S1 (a), S2 (b), and S3 (c); and under ocean warming, using shortened PLD: S1 (d), S2 (e), and S3 (f). Size of nodes (marine reserves) is scaled according to flow betweenness to visually represent their potential importance as stepping stones to maintain the overall connectivity in the RGI (larger nodes are more important). We used NetDraw (Borgatti, 2002) to represent reserves in non-geographic space (numbers correspond with marine reserves in Figure 5 ) using the spring-embedding algorithm (Gower scaling) and proximity based on geodesic distances [Colour figure can be viewed at wileyonlinelibrary.com]
Comparison of dispersal connectivity of marine reserve networks. (a) Comparison of networks in terms of their density for the current and climate change (3°C ocean warming) scenarios; error bars depict the bootstrapped standard error, illustrating the higher density of scenarios that considered connectivity, and the overall reduction in density across all solutions under future ocean warming. (b) Variability in the maximum flow between marine reserves for each solution, indicating the larger flow of larvae expected to occur among reserves of networks designed using connectivity information (including those under ocean warming). See Figure 2 for an explanation of how we assessed the three alternative marine reserve networks under two assumptions regarding changes in PLDs
Changes in connectivity due to ocean warming beyond PLD reductions could further change the design of marine reserve networks. Our analyses were adequate given the information available, but we recommend further research to explore changes in connectivity due to altered current speed and direction based on the predicted shifts of biophysical variables using oceanographic models (e.g., Andrello et al., 2015) . Improvements could add variations due to ocean acidification, spawning timing, larval survival, and larval behavior (Gerber et al., 2014; Treml et al., 2012) , which -in some cases -could require further adjustments to the configuration of marine reserves. Furthermore, there is evidence that regions to the north and south are influencing connectivity patterns in the RGI (Marinone, 2012) , which would require parameterizing the dispersal model for potential input and export of larvae beyond our study area.
Potential changes in the distribution and abundance of species Here, we demonstrate that following a graph-theoretical approach (based on centrality of habitat patches) can help to design more connected marine reserve networks for costs equivalent to an approach that does not account for connectivity. We show that maintaining dispersal connectivity incidentally through representation-only reserve design approaches is unlikely, particularly in regions with strong asymmetric dispersal connectivity patterns, such as the RGI. Previous studies have found similar results (Magris et al., 2016; White et al., 2014) , but ours is the first to show benefits (in terms of maintaining larval connectivity) and potential costs of this approach under future ocean warming.
Adjusting network designs to maintain connectivity assuming shorter PLDs prove effective to maximize connectivity under current and ocean-warming scenarios. However, given likely changes in larval connectivity due to ocean warming these adjustments may not be sufficient to maintain the current levels of larval connectivity among reserves in the future.
Our study emphasizes the importance of considering spatially explicit connectivity patterns of a region to adjust the design of marine reserve networks accordingly. In our case, the study area is characterized by highly asymmetric currents (Marinone, 2012) , where connectivity heavily depends on PLD and reductions in PLD directly translate into less connectivity among distant habitat patches and centrality shifting to downstream areas. In other systems (i.e., where currents are more symmetric or multidirectional) connectivity may not be as sensitive to PLD (Selkoe et al., 2016) and we should not expect the same magnitude of the effects in connectivity or centrality, or at least not due to the same mechanism.
Our results suggest that, given potential reductions in PLD and connectivity due to ocean warming, future networks of marine reserves would require more and/or larger reserves in closer proximity to maintain connectivity. Incorporating connectivity resulted in networks characterized by a better distribution of centrality among reserves (i.e., network connectedness relied less on few highly central reserves). We argue this characteristic could increase the resilience of networks to impacts on or loss of individual reserves (Bodin & Saura, 2010) , effectively spreading risk and improving the chances of success of the network to maintain connectivity under future climates and multiple threats (Green et al., 2014) . Furthermore, creating better-connected (e.g., denser) networks could contribute to faster recovery and more sustainable fish biomass.
We found that further adjusting the design of marine reserve networks to account for ocean warming will not necessarily incur significant changes in costs. Here, the increase in size and number of reserves did not significantly increase costs through shifting reserves to lower cost areas that nonetheless were key for larval connectivity because of their upstream location relative to the direction of the predominant flow. However, our socioeconomic model did not account for potential changes in fish distribution and catches following ocean warming (Kaplan et al., 2013) , which could require further adjustments in the configuration of marine reserves. Furthermore, our study shares the common limitation of prioritization approaches based on summed opportunity cost layers because it can mask potential inequalities in the distribution of costs to different stakeholders (Gurney et al., 2015) . Adding a weighting factor based on the number of fishers by fleet or reflecting the relative sensitivity of different fleets to fishery closures (Cinner et al., 2012) could minimize this problem. Other options include using optimization software that allows the use of multiple cost layers (Klein, Steinback, Watts, Scholz, & Possingham, 2009) or customizing optimization to include socioeconomic objectives for different stakeholder groups (Halpern et al., 2013) .
Furthermore, our exploration of marine reserve size allowed us to assess the adequacy of alternative marine reserve networks to protect targeted species ; Mungu ıa-Vega et al., in review).
The dimensions of marine reserves under the three prioritization scenarios are adequate to protect most targeted species. Yet, accounting for larval connectivity and ocean warming resulted in relatively larger reserves, when compared to the representation-only approach. This means that these networks are not only better connected, but can also protect a wider range of species. While we recognize that the size of the smaller reserves in our networks will not be adequate to protect highly mobile species, we argue that larger pelagic fish require different management strategies considered elsewhere (see: Anad on et al., 2011).
While the protection of hubs and stepping stones significantly improved overall connectivity (including under future warmer conditions), adding the protection of self-sustaining populations could be ALVAREZ-ROMERO ET AL. | e685 necessary in some cases (Magris et al., 2016; White et al., 2014 ).
While we did not target high self-recruitment areas, our analysis indicated that these areas were incidentally included in solutions (e.g., within modeling units 1, 8, 11; Figure 3 ), yet we suggest SCP applications should consider identifying and explicitly targeting selfrecruitment areas (Zamborain-Mason, Russ, Abesamis, Bucol, & Connolly, 2017). Furthermore, assigning higher objectives to upstream sites showing high centrality makes sense from a metapopulation point of view, yet the relation of centrality with genetic diversity is inverse in the RGI, at least for some species (Lodeiros et al., 2016) .
Thus, this approach would be favoring protection of sites with relatively lower genetic diversity and potentially reduced evolutionary capacity to adapt. Future studies aiming to follow a similar approach to ours would benefit from exploring the above-mentioned considerations.
Our results were influenced by the relatively coarse resolution of both the larval dispersal model and the end-to-end ecosystem model used to derive cost data. While both models are robust and have been validated , testing the effectiveness of downscaling techniques was beyond our scope. Further modeling (Lett et al., 2010) and sensitivity analyses (Cheok, Pressey, Weeks, Andr efou€ et, & Moloney, 2016; Richardson, Kaiser, Edwards-Jones, & Possingham, 2006) to explore different methods to address these data limitations are needed. In addition, our larval dispersal model could be improved using smaller units, more release sites, modeling major inter-annual variability (e.g., ENSO events), and adjusting larval output based on habitat suitability. Likewise, our cost layer could be improved using abundance/biomass models at finer resolutions , or Atlantis outputs could be coupled with a bioeconomic model, such as inputoutput models of the study region that account for costs to both fisheries and supporting industries (Kaplan & Leonard, 2012) . Finally, the threat model used to assess exposure to threats and adjust representation targets can be improved using higher resolution threat data and include variable responses of species and habitats to different threats (e.g., Halpern, Selkoe, Micheli, & Kappel, 2007) .
Our approach focuses on maximizing larval connectivity to promote the persistence of populations within a network of marine reserves, but their impacts can certainly go beyond their boundaries.
Previous studies demonstrate that the benefits of marine reserves can extend into fished areas through spillover of adults (Goñi, Hilborn, D ıaz, Mallol, & Adlerstein, 2010) , enhanced larval dispersal (Cudney-Bueno, Lav ın, Marinone, Raimondi, & Shaw, 2009) or both (Kerwath, Winker, G€ otz, & Attwood, 2013) . Studying the off-reserve effects of the proposed networks can thus help us understand their wider ecological and socioeconomic impacts across the region.
Furthermore, while marine reserves can play an important role in the management of marine ecosystems, they can be more effective when implemented along other management strategies following an ecosystem-based management (EBM) approach and within a marine spatial planning framework (Agardy, Di Sciara, & Christie, 2011; Moreno-B aez et al., 2012) . Ongoing efforts in the region, including those of organizations contributing to this study (e.g., Comunidad y Biodiversidad: cobi.org.mx), consider the participatory design and implementation of marine reserves as a key In summary, our study offers a novel approach to inform realworld marine planning initiatives in the region and beyond. We demonstrate that marine reserve design can be improved to account for larval connectivity without a significant increase in opportunity costs to fishers. Adjusting the design to account for future reduced connectivity due to ocean warming did not result in further improvements in connectivity, but achieved better results than reserve designs assuming uniform connectivity. Considering current patterns of connectivity could help to buffer against ocean warming effects, even if the reduction in PLD is not explicitly included during the network design process.
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